Soil cohesion and internal friction angle, the shear strength parameters, can be measured directly in the field or in laboratory. Direct measurement of shear strength parameters is costly, time consuming, and not always applicable [23] that necessitate the development and use of empirical correlations. These empirical correlations were derived from data fitting for a specific site conditions that may cause deviation of the correlated soil properties if used in other sites. This deviation of the correlated values from its real value is known as transformation error. Transformation error is considered one of the main three sources of uncertainty in geotechnical properties. The other sources are inherent variability and measurement errors. Inherent variability is originated mainly from different in situ geologic processes in contrast to measurement error that is caused by random sampling and testing characteristics [24] .
For major geotechnical projects, such as offshore piles, deterministic design is not always enough and further consideration of geotechnical uncertainties is deemed necessarily [22] . Several methods were proposed to consider these uncertainties, but its implementation is a challenging task due to the difficulty of assessing the uncertainties in soil properties. The current commonly used transformation error values had shortcomings that warrant the need for further research. Main shortcomings are: it didn't cover all soil types; it covered only a very limited amount of empirical correlations; it depends mainly on literature values; and different sources of uncertainties were combined although it was originated from different soil conditions. To overcome these shortcomings and to offer avenues for improving the current transformation error values, a database contains geotechnical investigation results for 5087 boreholes collected from Egypt, UAE, Iraq, and Indonesia was created. The database served to assess inherent variability, measurement error, and transformation error more consistently. In addition, it offered unified shear strength parameters estimation from different correlations.
In this paper, the most commonly used shear strength correlations were ranked based on both position conformity and trend conformity using amended Theil inequality coefficient (ATIC) method as proposed by Song et al. [28] . ATIC method considers both trend and position conformities between the correlated and measured values enabling more accurate ranking than other statistical ranking measures. Correlations ranking served to assess the most credible correlation to be used for shear strength parameters determination at specific site condition. The transformation error was determined using rule-based uncertainty propagation combined with second moment probabilistic method (RUP-SMP). The deduced transformation error values can be used as guidance in the absence of other, more accurate, site-specific values. Framework for combining the predicted transformation error with other uncertainties was introduced that can be used to determine the overall uncertainty of shear strength parameters.
Materials and resources

Geotechnical database
Subsurface investigation reports were collected from reputable geotechnical firms in Egypt, UAE, Iraq, and Indonesia. The collected reports contained field and laboratory tests results for more than 35,000 boreholes collected during the last 3 years. The most recent boreholes were classified based on project type and completeness of information. The most reliable boreholes were entered with consistent and unified units into the geotechnical database. The data was checked with the source data to ensure the quality and consistency of information. Checking was carried out by comparing between entered and source data to insure that the required data are correctly and completely entered. Checking took into consideration the mandatory fields, type of data, and needed data for the research. The database was designed to have 98 tables to enable future extension of the entered data. To serve the current research, only 27 tables were filled with 5087 boreholes. In addition, 2 extra tables were entered for data quality checking to store the path of the borehole documents.
Shear strength correlations
Shear strength correlation development was started as early as forty of the twentieth century and new correlations are still being developed. Most of correlations for cohesive soils are based on soil plasticity because cohesion depends mainly on clay mineral types, clay particle size, clay proportion, and bond between particles. For internal friction angle, the correlations are based on dry density and relative density because shearing resistance depends mainly on particle size distribution, shape of particles, and surface texture [11] . Table 1 summarizes the used empirical correlation for undrained cohesion  and Table 2 for drained internal friction angle. Some of these correlations were modified from its original form to be in consistent units by using standard unit conversion factors.
Adapted methodology
Because of the importance and popularity of using shear strength correlations, the geotechnical community should pay more attention to the credibility of these correlations. Analyzing the degree of consistency between the correlated and observed values is a probable method of correlation validation. Amended Theil inequality coefficient (ATIC) method as introduced by Song et al. [28] will be used to rank different shear strength correlations based on the difference in position and trend between the correlated and observed values. The transformation error of each correlation will be determined using rule-based uncertainty propagation (RUP) as demonstrated by Farrance and Frenkel [6] combined with the second moment probabilistic method (SMP) proposed by Phoon et al. [25] .
Correlations ranking
Theil inequality coefficient (TIC) was widely used for validating the simulation model in industrial and telecommunication applications since 1977 until now. TIC method does not have any restrictions on the correlated and observed values, its principal is simple, and easy to be applied. For number (n) of observed values (x o ) and correlated values (x c ), the TIC is given by:
where, C(X o , X c ) is the TIC.
(1)
From Eq. (1), C(X o , X c ) ranges between 0 and 1. When its value is more close to 0, it indicates that there is a better degree of consistency between the correlated and observed parameters and that the correlation is more credible.
The TIC is simple and easy to understand but it suffers of many flaws which have been discussed in detail by Song et al. [28] . The amended TIC model proposed by Song et al. [28] covers many of the TIC method flaws especially the position and trend differences between the observed and correlated values so it will be used in this study.
Position conformity
For the position conformities between the observed (x o ) and correlated (x c ) values, the following equation is used:
where D represents the position conformity, ξ is the model parameter and it will be taken = 1.0 because all the used correlation has the same weight for position conformity. For number (n) of observed values (x o ) and correlated values (x c ), the TIC is given by and
where n is the number of observation points, x o is the observed values, and x c is the correlated values. 
value ranges between 0 and 1. When it is close to 1, it indicates better consistency between the position of the correlated and observed values.
Trend conformity
For the trend conformities between the observed and correlated values, the following equation is used:
where T represents the trend conformity, is the model parameter = 1 (because all correlations have the same weight), and
where n is the number of observation points, x o ′ is the observed values' first derivative, and x c ′ is the correlated values' first derivative. T (X o , X c ) value ranges between 0 and 1.
When it is close to 1, it indicates better consistency between the trend of correlated and observed values.
Integration of position and trend conformities
For selecting the most credible correlation, the degrees of consistency between the observed values and all correlated values should consider both position and trend conformities at the same time. Principal component analysis is used to correlate between D(X o , X c ) and T (X o , X c ) to have a single value that be used for correlations ranking as follows:
where S ij is the standardized position and trend conformity; j = 1 for position conformity or 2 for trend conformity;
and p is the number of correlations
The covariance (V) of the standardized position and trend conformity is a 2 × 2 symmetrical matrix as follows:
where v mn is the coefficient of variation (CoV) of (S mj , S nj ), m = 1, 2 and n = 1, 2. The ranking index y j based on principal component analysis can be determined from the following equation:
where k 1 and k 2 are the Eigen Vectors of the covariance matrix V shown in Eq. 7. 
Transformation error assessment
Uncertainties in geotechnical design parameters are inevitable due to the complex nature of the soil. Phoon and Kulhawy [23] defined the sources of uncertainties to be inherent variability (ω), measurement errors (e), and transformation uncertainty (ε). Phoon et al. [25] proposed a second-moment probabilistic approach (SMP) to characterize different geotechnical variabilities. SMP is complex when there is more than on measured property within the functional relationship. To overcome this complexity, Fig. 1 Correlations ranking procedures using ATIC method rule-based uncertainty propagation (RUP) as introduced by Farrance and Frenkel [6] to be combined with SMP is proposed (RUP-SMP).
The RUP-SMP method
If a design property, y, is determined from input variables x 1 , x 2 ,…,x n through a functional relationship, then uncertainties in the x's, u(x i ), will propagate through the calculation to an uncertainty in y, u(y), equals to [6] :
Phoon et al. [25] proposed, for a design geotechnical property (ξ d ) is determined from uncorrelated measured properties (ξ mi ) through a functional relationship has a transformation uncertainty of (ε) such that:
Knowing that the measured property (ξ mi ) with mean value (t) contains inherent variability (ω) and measurement error (e) that can be reasonably assumed as random and uncorrelated, that is:
Then the design geotechnical property can be expressed as:
By combining Eqs. (12) into (9), then uncertainties in (ξ d ) due to the propagation of uncertainties in (ξ mi ) can be expressed as:
where the uncertainity (u) can be expressed as the standard deviation (SD) of the variables [30] . Knowing the values of the overall uncertainity of the design property, inherent variability and measurement error in the measured property, the transformation error can be assessed. The transformation error assessment can be used to decide if the correlated parameters are adequate for its intended purpose, if it is consistent with observed parameters, and to be used for determining the overall geotechnical uncertainty needed in reliability based analysis and design. In the following section, the proposed method for determining the transformation uncertainties is introduced as shown in Fig. 2 .
Directly-measured properties variability
For soil properties that directly measured in the laboratory or in the field (e.g. liquid limit, plastic limit, bulk density, dry density, maximum and minimum dry densities,.. etc.), it is apparent that the transformation error can be assumed as zero. Equation (12) simplified to:
Applying in Eq. (13) Assuming a single mean value for the measured property [23] , then the coefficient of variation (CoV) can be expressed as
The overall property variability can be determined directly by determining the SD(ξ d )andCoV (ξ d ) of all the property's measured values for different soil types. For the same soil type at the same depth, it is reasonable to assume that the inherent variability is minimal and the variability arises only from the measurement error. To assess the measurement error, the SD(e)andCoV (e) of the property values having same soil type and depth were determined. Then, the inherent variability will be equal to
The assumption that the inherent variability is minimum and can be neglected for same soil type and depth is not always true, especially if the distance between the boreholes is large. Some inherent variability exists due to the horizontal spatial variation. This deviation of the measurement and inherent variability values will not affect the value of the deduced transformation error because both inherent variability and measurement error are summed as shown in Eq. (16) . Additional file 1: Appendix Table A1 shows the variability parameters of different directly-measured soil properties. 
Directly-related properties variability
Most of the literatures dealt with the soil properties that deduced from theoretical relations (e.g. dry density, relative density,.. etc.) as a measured property [25] ; Phoon and Kulhawy [23, 24, 32] without considering functional form effect on uncertainty propagation. Because the indirect properties have a theoretical basis, ideally, there is no transformation error. Nevertheless, some transformation error may appear due to simplification and idealization of the used theory, but these errors can be ignored [25] . Equation (13) is simplified to:
Thus the inherent variability of the indirect property
And the measurement error can be calculated from:
Additional file 1: Appendix Table A2 shows the variability parameters of different directly-related soil properties.
Correlation transformation error
The transformation error of shear strength correlation can be determined using RUP-SMP methods by substituting the values of inherent variability and measurement error in Eq. (13) . The uncertainty propagation formulae appeared in Eq. (13) is more dependent on the soil-property/correlation functional form. The functional form of different soil properties and correlations investigated in this study are summarized in Table 3 . Detailed uncertainty rules for different correlations are given in Additional file 1: Appendix Table A3 .
Results and discussion
Correlation ranking
Undrained cohesion
From 1447 unconfined compressive strength test, 114 records were selected to rank different undrained cohesion correlations. These sets of records were selected using SQL query from the database with the condition of having all related measured soil properties needed for the correlations shown in Table 1 . The reason for this condition (Table 4) is to maintain the consistency and accuracy of the ranking procedure. Undrained cohesion correlations were ranked using the ATIC method, the principal component analysis revealed that the position conformity has more effect than trend conformity. The final rank value (y j ) for each correlation is calculated based on Eq. (21).
Summary of the ranking results based on the procedures shown in Fig. 1 are given in Table 5 with some statistical measures that are commonly used for correlations evaluation.
From the results given in Table 5 , the best correlation to deduce the undrained cohesion for the studied data is correlation no. C16, which was deduced by Terzaghi et al. [31] that relates the undrained cohesion with the standard penetration test N value. The results of this correlation are shown in Fig. 3 . Figure 3a shows the correlated versus observed undrained cohesion with the values of correlation coefficient (R 2 ), mean absolute deviation (MAD), and root mean square of deviation (RMSD). Figure 3b shows the frequency distribution of correlated vlues' bias with the values of average bias, bias CoV, and ranking index (RD). The bias in the correlated undrained cohesion distribution follows a lognormal distribution as shown in Fig. 3b . It can be noted that the bias distribution is almost symmetrical around bias-value of 1.0 (the best bias value at which the correlated value is equal the observed value).
The worst-ranked correlation of the studied data is correlation C18, the results of this correlation are given in 
ID Functional form Variability expression
Uncertainty rule ) for best and worst ranked correlations is equal which proof that the R 2 can't be considered alone for correlation evaluation.
Internal friction angle
The values of drained internal friction angle deduced from different empirical correlations shown in Table 2 were compared to the observed (measured) internal friction angle from direct shear box. Total number of internal friction angle records in the database were 764 records. SQL query from the database was used to collect all the internal friction angle that has a corresponding measured values for all variables needed on all correlations to maintain consistency of the correlation ranking results. The resulted number of records were 97 test groups. Correlated internal friction angles were ranked based on the methodology given in Fig. 1 . The difference among the position conformities of correlations' results is not significant in contrast to the trend conformities which has Undrained cohesion worst-ranked correlation a significant effect. So the ranking of internal friction angle correlations shall be determined primarily by the trend conformities as in Eq. (22) . Summary of the ATIC method results is given in Table 5 .
From the results given in Table 5 , the best correlation to deduce the internal friction angle from the studied data is correlation no. P01 that was proposed by Roy and Dass [26] . Figure 5 shows the correlated versus observed internal friction angle and the bias of the correlated values. The bias in the correlated internal friction angle follows a normal distribution as shown in Fig. 5b .
The worst-ranked corelation for the studied data is correlation no. P11. The results for this correlation is given in Fig. 6 
Transformation error assessment
Geotechnical variability parameters for directly-measured and directly-related soil properties were determined based on Fig. 2 are shown in Additional file 1: Appendix Tables A1, A2 . Summary of the results compared with the reported values [23] are given in Table 6 .
The results of the geotechnical variabilities are in a good agreement with the literature values especially for the overall variability. Although measurement error CoV were larger than the literatures values due the large variation of the boreholes locations and involved geotechnical laboratories. In addition, the adapted methodology did not isolate completely the measurement error from the inherent variability. The directly-related soil properties has a significant deviation from the literature values especially for liquidity index because uncertainty propagation in the related properties were ignored in the literature.
Quantification of transformation error from empirical correlations is important for reliability based analysis and design [3] . In the presence of sufficient field and laboratory data, the transformation error from using different correlations can be identified. In the absence of sufficient information, Tables 7 and 8 summarize correlations' transformation error for different soil types for both undrained cohesion and internal friction angle. These values can be used as guidance for transformation error in other similar sites. The transformation error CoV of undrained cohesion ranges between 5 and 336 %. This high variation can be explained because most of the correlations are site specific and the sensitivity of undrained cohesion to soil stress history, mineral contents and site conditions. A conclusion can be made that a site-specific empirical correlation may not be applicable to another site. The transformation error for the most credible correlation (C16) ranged between 16 and 95 %.
The transformation error CoV of internal friction angle ranges between 1 and 33 %. The transformation error for the most credible correlation (P01) ranged between 5 and 19 %. The transformation error values shown in Tables 7 and 8 can be incorporated in the following framework to deduce the overall geotechnical variability:
1. Determine geotechnical variability (SD and CoV) for directly-measured and directlyrelated soil properties using Eqs. (15) and (16) based on the procedures given in Fig. 2 , 2. Identify which correlation would be used for determining shear strength parameter, 3. Use the values of correlation transformation error from Tables 7 and 8 as a guidance for the transformation error, 4. Choose the appropriate rule-based uncertainty expression from Table 3 (and Additional file 1: Appendix Table A3 ) based on the correlation functional form, 5. Determine the overall variability based on the chosen uncertainty expression.
Conclusions
Customized geotechnical database was created that contains 5087 boreholes from reputable geotechnical firms in Egypt, UAE, Iraq, and Indonesia. The database served to assess inherent variability, measurement error, and transformation error more consistently. The credibility and transformation error of geotechnical correlations that are commonly used to estimate undrained cohesion and internal friction angle were investigated. The correlations were ranked considering both position and trend conformity using Amended Theil Inequality Coefficient. The most credible correlation to deduce the undrained cohesion for the studied data is correlation no. C16. For internal friction angle, the most credible correlation is correlation no. P01. This conclusion is limited only to the studied data. For other sites, The proposed ATIC method can be used to determine the most crediable correlation. Different geotechnical variability parameters for both directly-measure and directlyrelated soil properties were determined and compared with the literature values. The overall variability of the directly-measured properties showed good agreement with the literature values. The inherent variability and measurement error showed some deviation from the literature values, especially for the natural moisture content. This variation is due to the large variation of the boreholes locations and the measurement error wasn't completely isolated from the inherent variability. This deviation didn't affect the resulted transformation error because both inherent variability and measurement error has the same weight in the uncertainty expression. The directly-related soil properties showed deviation from the literature values, especially for the liquidity index, this is due to the literature didn't consider the uncertainty propagation in the used properties.
Transformation error of different correlations was determined based on rule based uncertainty propagation method. The transformation error CoV of undrained cohesion's correlations ranged between 6 and 1015 %. This large variation shows that most of these site-specific empirical correlations may not be applicable to deduce the undrained cohesion for other sites. The transformation error for the most credible correlation (C16) ranged between 16 and 95 %. The small deviation of transformation error indicates that this correlation can be reasonably used to determine the undrained cohesion for the studied data. The transformation error CoV of internal friction angle ranges between 1 and 33 %. The transformation error for the most credible correlation (P01) ranged between 5 and 19 %.
The deduced transformation error may be used as guidance, in the absence of moreaccurate site specific values, for determining overall geotechnical variability that is needed in reliability based analysis and design. Framework for incorporating different geotechnical variabilities using rule-based uncertainty expression was introduced. This framework may be used to deduce the overall variability in a simpler way.
